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BRODERSEN, SVEND, AND LANGSETH, Å.: The Infrared Spectra 
of Benzene, Sym-Benzene-d;, and Benzene-d,. 


The infrared absorption spectra of benzene, sym.-benzene-d,, and benzene-d, 
have been obtained for the gaseous as well as for the liquid state. The samples used 
for the investigation were of high chemical and isotopical purity. The measurements 
cower a spectral range from 400 cm>l1 to about 6000 cm->l1 in frequency, and a range 
of about 1 to 10? in relative intensity of the observed bands. The spectra have been 
analyzed with the following main results: 

(1). Of the observed bands about 450 have been assigned. The combination 
bands showed in general aremarkably low anharmonicity. Except for the well-known 
cases of resonance perturbation in C,H,, only a few instances of weak interactions 
were observed in spite of the considerable probability for fortuitous degeneracy. 

(2). A complete list of assigned, fundamental frequencies for the three isotopic 

| benzenes has been obtained for the gaseous state and the liquid state separately. 
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Synopsis. 


The infrared absorption spectra of benzene, sym.-benzene-d,, and benzene-d, 
have been obtained for the gaseous as well as for the liquid state. The samples used 
for the investigation were of high chemical and isotopical purity. The measurements 
cower a spectral range from 400 cm>1 to about 6000 cm>l in frequency, and a range 
of about 1 to 10? in relative intensity of the observed bands. The spectra have been 
analyzed with the following main results: 

(1). Of the observed bands about 450 have been assigned. The combination 
bands showed in general aremarkably low anharmonicity. Except for the well-known 
cases of resonance perturbation in C,H,, only a few instances of weak interactions 
were observed in spite of the considerable probability for fortuitous degeneracy. 

(2). A complete list of assigned, fundamental frequencies for the three isotopic 
benzenes has been obtained for the gaseous state and the liquid state separately. 

(3). The correctness of the assignments has been checked by means of the 
product rule and the sum rules. 

(4). The importance of the higher-order sum rules is pointed out, and expressions 
for these rules for the present case are given. 
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INDKODUGTTITON 


he vibrational problem and the normal coordinate treatment of the benzene 
molecule have been discussed by numerous authors". Most of these considerations 
have substantially been based on experimental investigations of the infrared ab- 
sorption? and Raman spectra”>? of benzene and its deuterium derivatives, investi- 
gations which are now 10 to 20 years old. In view of the considerable improvement 
in experimental technique, which has taken place since then, a re-investigation of 
the molecular spectra of benzene and its isotopic species seemed to be highly desirable. 
Ås a part in this program we report in the present paper on an investigation 
of the infrared spectra of benzene, sym-benzene-d3, and benzene-d4£ both in the 
gaseous and the liquid state. It has been our aim to obtain these spectra as accurate 
and complete as possible by investigating samples of high chemical and Soto pige 
purity and by use of long path-lengths. 


The infrared absorption of benzene has been the object of a great number of 
investigations?. The first comprehensive study of the spectrum, undertaken with the 
explicit object of determining the normal frequencies of the molecule, forms a part 
of the outstanding work of C. K. INGOLD and his collaborators?., They investigated a 
very pure sample of benzene both in the form of vapour and liquid, and were the 
first to make a careful comparison of the two kind of'spectra. Since this work was 
published no further systematic investigation of the vapour spectrum has appeared 
in the litterature. The absorption of liquid and crystalline benzene was measured 
by HALFORD and SCHAEFFER?, These spectra were re-examined by Ma1r and HORNIG” 
who used a spectrometer with somewhat higher resolving power and extended the 
temperature range down to —170” C. The most important result of this investigation 
was a definite and plausible assignment of the hitherto questionable B24 fundamentals. 


1 See G. HERZBERG, Infra-red and Raman spectra of Polyatomic Molecules (D. von Nostrand Co., 
New York, 1945), p. 362. 
E. BRIGHT WirLsoN, Jr, J. C-DEecilus, and Pour C. Cross, Molecular Vibrations (McGraw-Hill, 
1955), p. 240. 
F. A. MILLER and B. L. CRAWFORD, Jr. J. Chzm. Phys…14; 282 (1946); ibid. 17, 249 (1949). 
MSASKOVNER, Zurn. Eksp. i Teor. Fiz: 26,598 (1954). 
D. H/ Wxiwrren, Phil. Trans. Roy. Soc. (London), A, 248, 131 (1955 
2 C. K. INGOLD et al., J. Chem. Soc. 1936, pp. 912—987, ibid., 1946, ide 222—333. 
SVAPPLANGSETE andeRy CS LORD) Jr Mats Fys. Medd Dan. -Vid.'Selsk: 16; no. 6" (1938): 
See G. HERZBERG, ref. 1. 
CIR BAILEY, IBSHALE, CC. KS INGOLD, and” JW. THOMPSON, J: Chem. Soc: 1936, p. 931. 
R. S. HALFORD and O. A. SHAEFFER, J. Chem. Phys. 14, 141 (1946). 
R. D. Marr and DF. HoRrRNnIG, ibid. 17, 1236 (1949). 
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The spectrum of sym-benzene-d3 vapour has been investigated once only by 
INGOLD et al... No measurements of the liquid have been reported. 

The infrared spectrum of benzene-dg (vapour and liquid) has been investigated 
by INGOLD et al.?. Quite recently Forn A. MILLER?" has obtained rather complete spectra 
of both vapour and liquid phases in the region 300—3700 cm". The analysis of the 
spectrum confirms Marr and HORNIG's assignments of the B24 fundamentals in benzene. 


LIIFEXPERENENPARE 


1. Preparations. 


In collaboration with NIELS GROVING. 


Ås the ultimate objective of the present spectroscopic investigation was to measure 
the spectra to the greatest possible completeness and accuracy, we have endeavoured 
to prepare our samples as pure as possible. Impurities, chemically different from 
benzene, were carefully removed by means of appropriate conventional methods. 

The contamination of the samples with unwanted isotopic species presents a 
more serious problem. In practice it is of course not possible to carry through a 
separation of these. In order to identify and eliminate all bands due to deuterium 
derivatives, alien to the one under investigation, we used the following procedure. 

Both sym-C6H3D3 and C6D6 were prepared by exchange reactions. These were 
carried through to a point precalculated to be rather close to the pure deuterium 
derivative. In both cases we prepared two samples with a little different degree of 
exchange. By comparison of the spectra it was easy to see which bands were diminished 
in intensity by progressive exchange. Furthermore, we had at our disposal samples 
of the different deuterated benzenes"” and were in all cases able to identify the spurious 
bands with strong bands of lower deuterated species. In the case of sym-C6H3D3 the 
exchange might conceivably result in the formation of small amounts of higher 
deuterated benzenes. However, no indication of this was observed (enhancement in 
intensity of bands with progressing exchange). 


a. Benzene. The infrared spectra of some commercial, analytical grade benzenes 
showed that none of these were pure enough for our purpose. All of them contained 
either thiophene or/and cyclohexane in varying quantities. 


Sample Å. For the purification we chose RIEDEL-DE Han's Benzene pro analysi 
as starting-material. It was free from thiophene, but contained some cyclohexane. 


8 G.R. BAILEY, J. B. HA1Æ, N. HERZFELD, C. K. INGO1LD, A. H. LECKIE, and H. G. POOLE, J. Chem. 
Soc. 1946, p. 255. 


? See ref. 2) In a later note by C. R. BaizEky, S.C. Carson, and C. K. INGO0LD, J. Chem. Soc. 1946, 
p. 252, new measurements of the 496 cm”! band are reported. 

10 FoiL A. MILLER, J. Chem. Phys. 24, 996 (1956). 

1 A. LANGSETH and A. Krir, Mat. Fys. Medd. Dan. Vid. Selsk. 15, no. 13 (1937): 
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The purification was accomplished by means of the very efficient method described 
by Evans, ORMROD, GOALBY and STAVELY?”, As the procedure was slightly modified 
by us we will describe it in detail. 

To a solution of 284 g nickel sulfate (NiSO4, 7H20) in 1135 cc cold water were 
added: first a solution of 141 g potassium cyanide (pro analysi) in 565 cc water, then 
1130 cc conc. ammonia water (diluted with 600 cc water), and finally acetic acid 
(60 %7,) until just a slight precipitate remained. This mixture was transferred to a 
4-1 conical flask and 80 cc benzene added. The mixture was stirred vigorously for 
2—3 hours. During this time a light-lilac crystal powder was precipitated and the 
solution discoloured. The crystals were filtered, washed first with water, then with 
alcohol, and finally left for drying in the air for 24 hours. 

We regained the benzene by decomposition of the complex with potassium 
cyanide. The crystal powder was placed in a separatory funnel, whose stop-cock was 
greased with silicone grease. A solution of 170 g potassium cyanide in ca. 750 cc 
water was added little by little, all the while the funnel was shaken and cooled under 
the water tap. After completion of the decomposition the benzene was transferred 
to a smaller separatory funnel and thoroughly washed: once with water, three times 
with 2 molar sulfuric acid, once with water, three times with 2 molar sodium hydroxide, 
and finally once more with water. The benzene was then dried over P205 and finally 
fractionated through a 60 cm column packed with glass helices. 

The boiling point was constant (+ 0.05” C) during the whole distillation. The 
first fraction (ca. 10 c.c.) was discarded as the infrared spectrum revealed traces of 
NH3. The middle fraction (ca. 60 c.c.) was used for the spectroscopic investigation. 
No traces of cyclohexane could be detected. 


Sample B. In order to reduce the possibility of the presence of some unknown 
impurity we prepared a sample of benzene from aniline. 

Aniline, pro analysi (Riedel-de Haén), was dissolved in ether and transformed 
into the hydrochloride by passing HCI into the solution. As the precipitate was slightly 
coloured it was re-crystallized from constant-boiling hydrochloric acid. The anilin 
hydrochloride was then diazotized and reduced exactly as described by Best and 
WiLson”3, The benzene formed was washed with water, 2 molar sulfuric acid, water, 
2 molar sodiumhydroxide, and water. It was then dried over P205 and fractionated 
exactly as described for sample A. The boiling point was constant (+ 0.05” C) during 
the whole distillation. The middle fraction (ca. 70?/,) was collected as sample B. 

A comparison of the infrared spectra of the two samples, ÅA and B, showed that 
they were identical. 


b. Sym-benzene-d,. Except for slight modifications we followed the method 
developed by Best and Wirson"”, This is based on the observation!” that an exchange 


12. J. Chem. Soc. 1950, p. 3346. 
13 A, P, BEsTt and C. L. Wirzson, J. Chem. Soc. 1946, p. 239. 
CORK INGOLD, RATSIN, and. GL) WIcson, J. Ghem: Soc, 1936, p. 1637; ibid. 1938, p. 28. 
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reaction takes place when anilin hydrochloride is dissolved in heavy water, and 
furthermore in such a way that the ortho-para-hydrogen atoms are the only nuclear 
positions which participate in the reaction. The resulting 2,4,6-anilin-d3 is then 
de-aminated to sym-C6H3D3. 

For the preparation we started from two portions (of each 20 8) of aniline hydro- 
chloride prepared as described for benzene, sample B. The two reaction vessels used 
for the exchange reaction were of a type as shown in Fig. 1. For reasons to be ex- 

plained below it was found necessary to insert a glass-filter plate between 

the reflux condenser and the stopcock. The anilin hydrochloride was put 

into the 50 cc bulb before the glass-filter was sealed on to the reflux con- 

denser. The system was then evacuated and the stopcock closed. 14 ce 

heavy water (99.84 %/, D20) was filled into the upper end of the glass tube, 

and by cautious opening of the stopcock allowed to flow into the appa- 

ratus without admitting the atmospheric air. The system was now filled 

with nitrogen and the bulb heated by means of an infra-heater. When 

the boiling started the stopcock was opened just to equalize the pressure. 

The closed vessel was then left refluxing for 18—20 hours in order to reach 
equilibrium of the exchange reaction. The exchanged heavy water was 

now distilled off quantitatively in vacuum. Towards the end of this distil- 

lation it could not be avoided that small crystals of the aniline hydro- 

chlorid by the stream of water vapour were blown up through the con- 

denser. It was the purpose of the glass-filter to keep back these crystals. 

When a new portion (14 cc) of heavy water was introduced, the powder 

was dissolved and washed down into the bulb again and a new exchange 

was started. The exchanged water from vessel no. 1 was used for further 
exchange in vessel no. 2, after which it was discarded. In this way 7 ex- 
changes were carried through in vessel no. 1 (Sample A) and 6 in vessel 

no. 2 (Sample B). According to an approximate calculation the deuterium 

Fig. 1. content in the 2, 4, 6-positions of the aniline should then be ca. 99.5 %/, 
for sample A and ca. 96.5 ?/, for sample B. We decided to stop the ex- 

change at this stage because of the risk of introducing deuterium in the 3- and 

5-positions also. 

Isotopic normalization of the amino-hydrogen was for each sample carried out 
by dissolving the hydrochloride in 500 cc cold water which immediately afterwards 
was distilled off in vacuum at ordinary temperature. This was repeated three times. 

The de-amination and purification of the sym-benzene-d3 was carried out as 
described above for benzene, Sample B. Yield for both samples: 7 cc of pure sym- 
benzene-dg3. 

The infrared spectra of both samples were investigated and by comparison the 
spurious bands located. These could all be identified as due to meta-C6H4D2 and 
C6HSD. No trace of C6Hz2D4 or C6HD5 could be detected. 
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c. Benzene-d,. This was prepared according to LANGSETH and KrLir'? by passing 
a stream of DCl1 through benzene in the presence of A1Cl13. 

Åssuming a pure statistical distribution of the D-atoms between DCI and C4H6, 
a calculation shows that the deuterium content in the benzene will not approach 
closely to 100 ?/, until almost all the benzene has evaporated, if the exchange reaction 
is carried out at ordinary temperature. If, however, the DCl is passed through several 
exchange vessels arranged in series, the benzene will evaporate in the first vessel 
only, all the while the deuterium concentration will increase in all the following ones. 

Fig. 2 shows a diagram of one of the 4 exchange units used. 

The DCl was passed into the benzene through a capillary tube going 
down close to the bottom of the vessel. In order to keep the DCl- 
bubles as small as possible the end of the tube was sharpened by 
grinding. It will be seen that the construction is so that the ben- 
zene can not accidentally be sucked back into the neighbouring 
vessel. All 4 exchange vessels were placed in a water bath, the 
temperature of which was kept just above the freezing point of 
benzene (ca. 4" C). 

The DC1 was prepared from benzoyl chloride and heavy 
water, Å large excess of benzoyl chloride was used in order to 
keep the benzoic acid and its anhydride, formed by the reaction, 
in solution and thus preventing these from subliming up into the 
reflux condenser of the reaction flask. We used 3 kg benzoyl chloride 
(22218500) Fandke days, ORKER SAS) EF orkthertotalkexchanse! 

The DCI1 was passed through a trap (kept at — 80” C) before ente- 
ring the 4 exchange vessels each of which contained 15 cc benzene 
(purified as described above) and ca. 50 mg freshly sublimed A1C153. 
As the exchange reaction is extremely fast, the DCI1 may be passed 
through the vessels as quickly as the practical conditions allow. Fig. 2. 

When all benzene in the first vessel and half of the benzene 
in the second had evaporated the exchange was stopped. The benzene was separated 
from AlCl13 (and most of the DC1) by distillation in vacuum, washed once with water, 
three-times with molar NaOH, and once more with water. It was then dried over 
P205 and distilled. 

Two samples, Å and B, from the second and the third exchange vessel 
respectively, and therefore of a little different isotopical purity, were used for 
the spectroscopic investigation. The infrared spectrum showed sample Å (7 c.c.) to be 
very pure C6éD4$ (99.9/,D). Spurious bands were located by comparison with 
the spectrum of sample B (15c.c.) and the bands identified in the usual way as 
due to lower deuterated species. 


BAS ILANGSETE and TAN Kærr, Zeltschrs plsyss Cher ta 176, 65 (1936): 
16 H.C. BRowN and C. GRouT, J. Amer. Chem. Soc. 64, 2223 (1942). 
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2. Instrument. 


The spectra were obtained with a slightly modified Beckman IR3 spectrometer. 
The principal features of this instrument are the following: 

(1) The instrument has a double monochromator, effectively eliminating all stray 
light. As each half is equipped with one prism in Littrow-mounting the instrument 
has a dispersion and a resolving power corresponding to 4 prisms. 

(2) The entire light path can be evacuated thus eliminating atmospheric ab- 
sorptions. 

(3) It is a single-beam instrument operated by means of a memorizing system. 
The spectral range is traversed twice. During the first run (with empty absorption 
cell) the slits are automatically adjusted to give constant light output, the movements 
of the slits being memorized on a tape-recorder. This record masters the movements 
of the slits during the second run (with the sample in the cell), giving a spectrum linear 
in transmission. 

(4) The movement of the recorder paper is mastered by a special control film 
in such a manner that the spectrum is recorded linear in wave-numbers. 

(5) The spectrum is scanned at a speed proportional to the geometrical slit width 
and the time constant of the noise filter. This is correct to a good approximation. 

The principal modifications of the instrument introduced hy us are the following: 

(1) An electronic delay unit is inserted in the marker circuit giving a time delay 
equal to the delay of the signal caused by the noise filter!”, 

(2) The thermostate controller has been mounted inside the monochromator 
near the prisms, ensuring a better control of the temperature of the prisms. 

(3) An arrangement has been installed which allows the use of a direct coupling 
between chart paper and Littrow-mirrors. In this way the errors in frequency deter- 
mination caused by the control film (about + 0.3 cm") may be eliminated, which 
can be of importance in special cases. 

(4) The instrument is originally equipped with liquid cells and a 10 cm gas cell 
only. In order to get longer path-lengths for gasses, necessary for our purpose, a 
multiple-pass cell was constructed, according to the principle of Wnirte?é as modified 
by HERZBERG and BERNSTEIN!”, 

Å photograph of the arrangement is shown in Fig. 3. The vertical cell has a 
length of 50 cm and a volume of ca. 6 liters. By means of a micrometer screw, in- 
troduced vacuum-tight through the upper end plate of the cylinder, the path-length 
can be varied in 2-m-steps between 2 and 20 meters. The optical arrangement, neces- 
sary for bringing the multiple-pass cell into the light path of the instrument, is shown 
schematically in Fig. 4. The light from the glower is normally focused on the entrance 
slit of the monochromator. With the long cell in use the light is reflected by the plane 
mirror A and now brought to a focus just off the concave mirror B. After reflections 


17 


SVEND BRODERSEN, J. Opt. Soc. Am. 43, 1216 (1953). 
8 JSUS WHITE, J. Opt. Soc.'Am:"22%985 (1942). 
19 H, J. BERNSTEIN and G. HERZBERG, Journ. Chem. Phys. 16, 30 (1948). 
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back and forth the light leaves the cell just off the opposite side of mirror B, which 
means that the beam has been displaced sidewards from its plane. By means of the 
nearly vertical, plane mirror C and the concave mirror D it is brought back to the 
original plane, and after reflection from the backside of the thin mirror A (which is 
aluminized on both sides) finally re-focused on the entrance slit. 


Fier3: 


The multiple-pass cell as well as the mirrors A and C are mounted on an auxiliary 
cover for the gas cell compartment in order to allow an easy interchange of this cell 
and the 10 cm cell. 

The monochromator is equipped with KBr, NaCl, and LiF prisms, which can 
easily be interchanged. The effective slit width (effective resolving power) is calculated 
in the following way?". The effective slit width, sy, corresponding to zero geometrical 
slit width is calculated by adding the contributions from: (1) diffraction effect (Ray- 


20 SVEND BRODERSEN, J. Opt. Soc. Am. 43, 877 (1953). 
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leigh limit), (2) mismatch of slit curvature, and (3) spherical aberration. This in- 
strument has pure spherical aberration only, because the two halves of the KULD 
monochromator are symmetrical. Contributions from misadjustment and imperfections 
of optical parts are neglectable. The obtained values for sy versus frequency are shown 
as dotted curves in Fig. 5. The effective slit width, sett, for actual values of the geo- 
metrical slit width, sg, is now obtained from the relation: 


2 2 2 
Ser = So TF Sg- 


With normal gain the values indicated in Fig. 5 are obtained for the 10 cm gas cell, 


Glower 


Fig. 4. 


and for the long cell using 2 m and 20 m path-length. For the liquid cell the slit widths 
are slightly smaller than for the 10 cm gas cell. 

It is possible to use narrower slits and thereby to reduce s,,,, according to the 
above formula. But this requires the use of larger time-constants and of proportionally 
reduced scanning rates in order to keep the noise within reasonable values. Åt the 
most the geometrical slit width can be reduced .to about 30 /, of its normal value, 
but in this case extremely long scanning times must be used. 

The frequency calibration was carried out by the interferometer method”, 
Uncoated KBr plates were used with separations giving 'periods' of 10 cm7 rsp. 
25 cm". The fundamentals and first overtones of HCI and CO were used as standards. 
In this way an accuracy of + 0.2 cm”! was obtained for the region 400—4500 cm" 
decreasing to about + 1 cm”! at 8000 cm, 


% 


?1 SVEND BRODERSEN, J. Opt. Soc. Am. 46, 255 (1956). 
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The reproducibility of the frequency measurements using the direct paper 
coupling is about + 0.1 cm". Some difficulties in exact replacement of the exchange- 
able prisms have, however, slightly increased the errors in the frequencies presented 
in this paper. For this reason, and because we consider a higher accuracy to be in- 
significant for unresolved bands, the frequencies are given without a decimal. They 
are, however, believed to be correct within + 0.5 cm7 as far as this has any meaning 
for the band in question. 


(9) 
400 600 1000 2000 4000 cm"! 


Fig. 5. Effective slit width versus frequency for the 10 cm gas cell (lower heavy curve) and for the multi- 
reflexion cell using 2 m and 20 m path length (middle and upper curve respectively). 


3. Measurement of the Spectra. 


Each of the 6 samples: CéH4é (4 and B), sym-C46H3D3 (4 and B), and C6D6 
(A and B), were measured both in the liquid and in the vapour state. The following 
lechnique was used. The spectra of the liquids were obtained with cell lenghts of 
0.03, 0.3, and 3 mm and normal gain. Consequently, the effective slit widths for all 
cell lenghts were slightly smaller than the values plotted in Fig. 5 for the 10 cm gas 
cell. There was no need for using narrower slits than these. The spectra of the vapours 
(pr 65k mmol) Ryverekobtamedkbytusingiceelslensthstorel 0ofcm 2 mande 20Em 
and normal gain. The effective slit widths are shown in Fig. 5. All the stronger bands, 
as well as other parts of the spectra of special interest, were then re-scanned with 
narrower slits, as described above. 

From all the records taken the molar extinction coefficient, &, was calculated, 
assuming ideality of the gas. For the liquid as well as for the vapour LAMBERT-BEER's 
law was found: to be well obeyed so that all measurements, within the experimental 
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error, fitted a single extinction curve for each of the two states of the sample. For the 
vapour spectra, however, a few cases were observed (especially for the very strong ”11) 
in which the gas pressure used was too low to give quite correct intensity because of 
insufficient pressure broadening. For »1 in benzene, for instance, a slight increase 
in intensity, but no change in the shape of the band, was observed when the pressure 
in the cell was raised to 1 atm. by addition of nitrogen. As exact band intensities 
are of no importance for the vibrational analysis of the spectra, we refrain in this 
paper from giving any measurements of integrated band intensities. 

Reproductions of the extinction curves obtained for the three isotopic benzenes 
are given on the Plate at the end of the paper. The ordinate, £, is plotted in a logarith- 
mic scale covering almost 5 units. This wide range in extinction is presumably about 
the limit obtainable in praxis because of the consequential severe demands for purity 
of the substance. The curves represent the measured spectra of each sample of highest 
isotopical purity, but are very nearly identical with the extinction curves for the pure 
isotopic species, obtained by extrapolation in the way mentioned above (pag. 4). 

As it is rather difficult to get a correct impression of the relative band intensities 
from these curves we have also, as shown in Figures 6, 7, and 8 plotted the absorption 
curves in a linear extinction scale. From these it is clearly seen that the main part 
of the absorption is due to the fundamental frequencies. 

All frequency measurements are given below in the Tables 4, 5, and 6, and 
will be commented in connection with the analysis and discussion of the spectra. 
All frequencies are given in cm” (vac.). 


INTEDTSGUSSTONKOFRFHESS PEGTTSA 


1. Theory. 


The general theory of the internal vibrations of the benzene molecule has been 
treated thoroughly by several authors and need not be recapitulated here in any 
detail. For the convenience of the reader, however, a brief survey will be given in 
order to define the precise meaning of the terminology and the symbols used in the 
following discussion. 

We will, without any discussion, assume it justified to consider the Den symmetry 
of the benzene and the benzene-dg molecules—and hence the Dzx symmetry of sym- 
benzene-d;—as definitely prooved”, 

Symmetry considerations show that the normal vibrations of a Dén-molecule 
can be allotted to 12 different symmetry classes, two to which (ÅA1u and Big) in the 
special case of benzene will contain no fundamentals. The Dén symmetry can be 
defined in several ways on the basis of its inherent elements of symmetry. Ås seen 
from Table 1 we have as the group of essential symmetry elements chosen: (1) the 


22 See for instance ref. 1, 2, and 3. 
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three-fold axis perpendicular to the plane of the molecule (C3), (2) the two-fold axis 
passing through para carbon atoms (CX), (3) the plane of the molecule (0,), and 
(4) the center of symmetry (i). This is convenient for our purpose because it clearly 
shows the close relationship between the Den and the Dz3, symmetries. When 3 deute- 
rium atoms are substituted for 3 hydrogens in the 1, 3, and 5 positions the only element 
of symmetry destroyed is the inversion center. This causes the g- and u-classes of 
Den to coalesce in pairs, as shown in table 1. As the three-fold symmetry axis is pre- 
served in D3n, no splitting of the degenerate frequencies occurs. In the table are 
furthermore given the symbols used”? for the various symmetry classes, and—in a self- 
explanatory way—the Raman and infrared selection rules. 

For convenience in discussing the frequencies of benzene and its deuterium 
derivatives we have numbered the normal vibrations according to Wirson?" and 
LANGSETH and LorD”? as shown in Fig. 9. This set of symmetry coordinates is chosen 
in such a way, that each of them—besides having the correct symmetry—also re- 
presents a rough approximation to the real mode of vibration for the benzene mole- 
cule. However, as the Dén symmetry is destroyed by deuterium substitution, these 
modes will more or less lose their identity. The actual modes of vibration in the 
various deuterium derivatives are to be described by means of linear combinations 


2 We have retained the original notation of PraczEek |[Handb. d. Radiologie, Bd. VI, 2, pag. 283] 
for the degenerate classes in D 64 according to which symmetry or antisymmetry with respect to the C3 axis 
is denoted by a +, respectively a — sign, instead of the now commonly used indices 2 resp. 1 [See G. HERZ- 
BERGE EU ENE BE = E2g> ba = Eu etc. We find PLACZEK's notation the more logical because 1 and 2 
for the non-degenerate classes refer to symmetry resp. anti-symmetry with respect to the Cy axis. 


24 E. BRIGHT WILSON, Jr. Phys. Rev. 45, 106 (1934). 
25 Relerence 3: 
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Fig. 9. 


of the appropriate Dén symmetry coordinates. This mixing might be expected to make 
the connection between one particular frequency in an intermediate deuterium deriva- 
tive and one particular of the symmetry coordinates, shown in Fig. 9, quite arbitrary. 
However, as it is shown below it is actually possible to carry through a formal enumer- 
ation in an unambiguous way. 

The only frequencies active in infrared are those of the A24 (FAD) andkbÆ CE) 
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species, the former giving parallel bands (P, Q, and R-branches) the latter perpen- 
dicular bands (various band forms). The observed extinction curves show that all 
parallel bands have a strong Q-branch. The perpendicular bands, however, show 
band envelopes, varying from double-maxima bands (very weak Q-branch) through 
unresolved single-maximum bands (medium-strong Q-branch filling up the gap be- 
tween P- and R-branch) to parallel-like bands with a prominent Q-branch. The 
assignment of a band to one or the other of the active species on the basis of its ob- 
served contour alone is therefore often unreliable. 

The symmetry species of combination frequencies (summation and difference 
bands) and overtones are- easily found by means of Table 2 and 3. 
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2. Measurements and Assignments. 


In the Tables 4, 5, and 6 are given both the observed frequencies and the assign- 
ments of the bands. Except for some extremely weak ones, all observed bands below 
3300 cm" are included. Above this frequency all assigned bands as well as the more 
prominent of the unassigned ones are given. Furthermore we have included: (1) 
the inferred frequencies of all the inactive fundamentals, (2) the calculated frequencies 
of all infrared-active binary summation bands, (3) all the allowed binary difference 
bands for which the lower level has a Boltzmann factor greater than 5 ?/,, and (4) 
a few difference bands with lower Boltzmann factor and some allowed ternary sum- 
mation frequencies which for special reasons could be assigned with fair certainty. 

The content of the various columns of Tables 4, 5, and 6 is as follows: 

Column 1 gives the assignments of the bands, specified in accordance with our 
convention (Fig. 9 and Table 1). Fundamental number in brackets indicates that the 
frequency is a member of a Fermi-resonance multiplet. The components of a multiplet 
are indicated by a vertical, comb-like sign. 

Column 2 gives the infrared activity: parallel band (Il), perpendicular band 
(1), or forbidden (f). 

Column 3 lists the Boltzmann factors (in per cent.) for the lower levels of the 
difference bands. ! 

Columns 4 and 9 give the calculated frequencies (in cm") for vapour and liquid 
respectively. The fundamental frequencies used for the calculation are listed in Table 
7. No correction for anharmonicity has been included. The fundamentals marked 
with an asterisk in Table 7, viz. 8 and 20 for benzene (both vapour and liquid) 
and 20 for benzene-d6 (liquid only), appear in the spectra as Fermi multiplets only. 
Ås these states of resonance (especially those of C6H6) show a remarkable sturdiness 
in higher combinations, we have used the observed (or inferred) frequencies of the 
individual components of the 'fundamental multiplet' for the calculation of com- 
bination bands involving these fundamentals, rather than the assumed, unperturbed 
frequencies listed in Table 7. The Fermi resonance will be discussed below (see pag. 34). 

Columns 5 and 10 give the frequency measurements for vapour and liquid re- 
spectively. The spectra of the liquids are the easiest to measure because the bands 
are rather narrow and have well-defined maxima. For the vapour spectra the band 
envelopes are broader and of varying shape. For complex groups of overlapping 
bands it was therefore often necessary to infer the contours of the individual bands 
before measurements of the frequencies of the assumed band centers could be made. 
In these cases the band forms as well as the frequencies given are tentative only. 

Column 6 indicates the shape of the vapour bands. 'Q” means that a distinct 
Q-branch has been observed, and the frequency given in column 5 refers to its maxi- 
mum. 'PR'” means that a double band has been observed, and the frequency given 
refers then to the band minimum or to the mid-point between the two maxima. "M'” 
means that an intermediate structure (neither Q-branch nor double band) has been 
observed. In this case the mid-point of the band has been measured. 

Mat. Fys. Skr. Dan. Vid. Selsk. 1, n0.1. 3 
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Column 7 and 11 give the molar extinction coefficient for the maximum point 
of the bands. These values are only very rough approximations to the true intensities, 
but may be of help in identifying the bands on the extinction curves on the Plate. 

Column 8 and 12 give the difference, A (in cm), between observed and cal- 
culated frequencies. 
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C6H6 Table 4 (continued). 
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NUR 1625 1630 — 
IKE EG hrke) FOA 1632 16350 EM 125 43 | 1638 1638 
(bug NT 1653 | | 
18— 18 ål 1666 1668 EM 03 + 2 | 1666 1666 | 
7—6 lu 12 | 1688 1680 sær 
6—+9 il 1695 1695 — 
13— 6 ib 12151700 1690 — 
4+12 | || 1701 170020 Dei! = 1711701 1700 
15+18 1 1 1745 1745 (9) Eos | 01515743 1742 
es | EIl 1757 eee (175 0M hes 
eN AE 87111963 EN | 17510 Es 
KG SIGN UT 1782 - 1786 — 
1—18 TE 1789 - 1789 — 
SO FT 1809 1813 == 
TATE LET 1837 1837 — 
SAGE 1841 1842 Q 6 +1 | 1844 1843 
17—+17 ir 1848 1852 — 
3+6 dt 1853 1853 — 
EL fy HA 18750 HR S743 OT 0 0 815750 HEE 


Table 5 (continued). 


Vapour Liquid 
Gale: Obs. E A Calc. Obs. fg A 
cm "| cm"! max | cm" |cm !| cm”! max | cm”! 
en eee Er ER ar En SNE en EEN eee 75 SS 1 OT 

1914 1900 — — 
1915 1916 — — 
1921 1923 | Q 0.3 FS HF 1922 1922 0.6 0 
1934 1934 1936 0.3 + 2 
1948 1954 Q 0.2 +6 | 1949 1950 0.6 +1 
2008 2006 — — 
2013 2014 | Q 0.2 DOT 2012 0.3 +1 
2025 2026 | Q 0.15 11152027 2030 055 + 3 
2057 obs. — — 2057 — == 
2092 2092 2094 0.08 + 2 
2105 obs. — — 2105 — — 

>= DST EP RE EO 04 — 2139 075 
2122 2124 — — 
2139 21397 HO 0.06 0812127 2127 0.15 0 
2154 tea, 21527 PR 0106" car 212155 2156 0:2 +1 
2174 21771 PR 009 — 3 | 2169 2168 0.4 —1 
2202 AZOD RIDERS EO 42202 2204 0.8 + 2 
2247 Ica. 2248 "PR. 5 ca.+1 | 2245 2242 (| — 3 

— ASO NP REE / — 2259 6 
2282 2ASØT ERIE 2O 0 | 2274 2274 30 0 
2288 2287 — — 
2294 2284 — — 
2326 ROM KPR | HE2 1312322 2326 3 + 4 
2338 BSD KO 2 — 3 | 2338 2339 il +1 
2355 254 — — 
2360 2360 2361 0.4 +1 
2370 2368 — —- 

— obs. — — — 2385 0:5 

== 2580 IPR 022 — 2391 05 
2413 2408 2406 0.5 — 2 
2418 2416 — — 
2422 BAT ORE IRS ROSS — 3 | 2423 2421 0.5 — 2 
2469 2459 — — 
2471 2461 — — 
2492 2490 | PR| 0.6 — 2 | 2485 2483 0.8 — 2 
2504 2501 2502 0.3 +1 
259515 AD 11 EPS EOS — 4 | 2513 2513 DES 0 
2534 2522 — == 
2536 20500 DRE OM — 3 | 2531 2530 0.4 —1 
2584 2583 " PR |..0.2 —1 | 2579 2575 0.5 — 4 
2650 2651 Q 0.2 + 1 | 2648 2648 0.2 0 
20733 '6a3520750 ME OD Ca 2202671] 2670 0.3 —1 
2681 2676 — — 

—= 2090 KEPRI EON — 2688 02 


>>> 


=k=FrE FEE Er 


brE=F Hr 


2 


7 


12 
12 


8 
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sym-C4H3D3 Table 5 (continued). 
Vapour Liquid 
Freq: NO: i É 
o/, | Calc. | Obs. i A Cale hRObS: : ÅA 
cmT! | cm! max | cm" |cm !! cm! HED ET 
20—16 | || | 34 | 2695 2600 RE — 
1485401 2735 27328 EP RI 015 235) 7 SA 2732 0.2 —Ø 
2? =— STE NER ROS == 2751 or 
RETTES Fl 2825 2818 | Q | 0.09 == 71828174 NEODS! — 
Foro EN 2828 289AR NERE =—= 
Segen 28800 Rob STE REE 2834 2834 0.3 0 
2 — obs er — 2860 0.8 
Se 2876 2874 |PR| 1 — 2 | 2868 2868 i 0 
685133 2888 BB] == — 
SEE 2901 2894 |PR| 1 == 7E1E> 807 2890 125 —7 
12107] 2990) KE BOE RE f +1 AN) | 7 
AES AN] 2991 f VER 0 2987 2979 3 =2 
STONE 2994 2996 |PR| 2 RD 2987f | —8 
20 UL 3063 3063 | Q |40 0 | 3053 3053 | 40 0 
2 f 3065 3055 z — 
DERES Ey 3115 3118 | PR| 0.4 838 58107 3104 1 =8 
Ve ET AR 3127 Å 31di7 3119 i 2 
hal 3160 3160 HOR FE 0 | 3150 3148 1.5 —2 
Son Fat 3194 SKE] — 
ze TT 3206 3200 3196 0.5 4 
SSU 3211 3202) MEE Fr 
eee 3238 3237 |PR| 0.6 == (8188230 3230 185 0 
rede 3286 3286 |PR| 0.5 0 | 3278 3278 1 0 
2 = 3338 | M | 0.08 — 3330 oe 
TS] KE 3383 3375 = == 
OEM S IE 3395 83020 HOR HR0105 =3 hk 85 3386 | sæd 
1675500 3431 34341 Ko 0:15 ESME ADT 3428 0.2 al fi 
BES 3541 3533 3533 0.1 0 
2? ca, 3580 EM 12006 == 3568 0.2 
2+11 | || 3596 SOE HOR 006 —2 | 3588) HEER 5% f +4 
EEN MET 3603 - 3596f LVL —4 
62507 El 3657 RE MERE 0 53647) 0 
Ajeee he mer 3657 | PR| 0.6 1 —2 | 3640f 3647 1 | Es 
HEE al 3696 3686 =£ == 
ff 3708 3696 |ca. 3695 082 (case 
? 4 ca3748 MT |E0:07 — 3735 0.2 
DEAR] 3762 Se DE 3752 == =— 
1072501 ET] 3771 3773 KOR 0.05 3765 |ca. 3766 0.15 |ca.+1 
2 == 3828 |PR| 0.1 = 3806 0.2 
BRED EL 862 ged | PR 1.0.4 [RE EH BS0 53 0.8 | r. 
sats 3874f | —10 | 3859f EG) 
smed bel SR er Te ea BEER UGER Rs HEER el bu. 
aid | IL 3898 f | —4 | 3888f URO 
152850 3975 3979 | PR| 0.1 +4 | 3963 3962 0.2 =—il 


T 
26 Nre%l 
sym-C4H3D3 Table 5 (continued). 
ED EGE See eee E moon. 
Vapour Liquid 
B 
Freq. No. of, | Calc. | Obs. = A Calc. | Obs. É: A 
É cm "| cm! max | cm" |cm "| cm”! max | cm"! 
ME HE EA EO AE eee 
Dæk y | | 3982 3973 == — 
17+20 | || 3987 3979 3980 0.4 gt 
ta] jL 4019 4019 | PR| 0.1 0 | 4009 4010 0.3 de dl 
PEN 4067 4066 | M | 1.5 (4057 4057 3 0 
9+20| 1 4164 == Y HA f —4 
SERGE | DAVE AS ENROR 0? L —9 | 4156 4150 0.5 16 
2 4256 | M | 0.03 == 4246 0.15 
SE YDE Hg 4322 4312 4312 Ost 0 
LØD! 4384 4390 | M | 0.05 6 4375 4380 0.2 PE 
105200 4477) f +18 | 4465) +15 
Bang || mn ago f EOS ROTEN EN la ER EET 
ag ME 4564) f—130 | 4548) —118 
EN 4576 ff RESEN EOS 70) 15525 5455 8) RR FSOR BREDER 552 
8+20| 1 4643) Fe 628 LØD 
MR UR 4645f 4642 | M | 0.8 173 14630 4630 1 A 
TAL SYD] gp 5345 i NE 5827 | 155 
BÆR || JL 5347 5346 | M | 0.4 EE | 85829 5332 0.4 JE 5) 
lød 0 | 5357) i 18185837 | =5 
? — 5908 | M | 0.2 — 5882 0.2 
2 — 5945 | M | 0.3 — — 5935 0.3 
20+20| 1 6126) RE f—126 | 6106) —126 
BEL DD || mL 6128f td BE Ed KORS IE SE ros 
2 — 6070 | M | 0.1 me 6053 | 0.1 
C6D6 aben 
Vapour Liquid 
Freq. N 2 i ES 
Ha o/, | Calc. | Obs. n ANE Keate EOS ER A 
cm 1! cm"! me Er leg] gm | men cm”! 
SEE HESSEN SE EEN Se MR RE SSR 
TEN Ao AAON ROR 0 | 448 | ca. 445 LE |—8 
== HG mL] FR 484 479 fer3 SE. 
hot bands or 11 C!3 f [| Ege Z89R EO 40 i Rg = 
Un — 493 | Q |50 vz rer 
id Il 496 496 | Q |60 0 | 497 497 |> 70 0 
VTR TR 837 5224 518 Big | 20 —1 
9—16 R-branch Ca 535 BEM 3 
6 f 579 579 580 1 dl 
4 f 599 599 | obs. 
C46HD, — 6123 OR EKO OT SE vær FR 


Nz=1 DI 
C6D6 Table 6 (continued). 
Vapour Liquid 
Freq. No, i Gale kob s: Å Calc RFObs: A 
-1 -1 max —1 -—1 —1 | max —1 
cm cm cm cm cm cm 
10 f 660 664) Gel ER VIERO 
EO Er ER 67s 6750 KOR 0:03 0 | 666f LL —2 
1263 ETT ra 703 HØ] == =— 
ENDS == 708 | Q | 0.02 — uld 0.4 
19 ERE 2 754 755 |PR| 0.03 bet FE 7530 REOL 29) 
i) f 787 TØ |. == = 
18 i 814 8145 OM HS ol 812 812% | 40 0 
15 f 824 S2s0 == — 
5 f 829 Sa00 — 
9 i 869 869 868| 2 ==; 
GED? — 0298 FOR ROD 
64462 |] 924 928 | Q | 0.2 zl 20 930 FE 0 
AE EN 944 944 |PR| 0.2 0 | 950 950 | 1 0 
1 f 945 945 945 | 1 0 
12 f 970 970 970 | 0.6 0 
1016) ER 1005 | 1008 | M | 0.2 538 10750) RT 0120 HERO 5 
3 f 1059 1055710 7105510 0.15 0 
2 == 1086 |PR| 0.01 | 
oe ag 19567 0E11553 EM > —il | Shi ikk] za] 
er non 14740 HR 73 BRS 5503 SA HERE EB] ONE ED 
3+18—10 | || | 8 | 1213 1209 | Q | 0.06 48 1512031 505 me" 
SE GE IN ES MDTSE RT 2748 KOR 0106 mere E12.02 | 0 
6 ||] tot AR 217] ROR 006 15858 612200 HET 2225 HOST 10) 
GES or GE EN EST ES ca 11277 PR 40:05 
14 f 12800 REE 12825 'ca12887 Bose ea 
19 i 18530 RE 1533 ROSES Of IETS30R RR 3S ORE 20 0 
7] 1366 GE | — =— 
så 0 1386) 7301! M | 0.6 Uf 75 | 1388) 13921 1.5 f$ +14 
6418) 1 1393f | (27111391 / | —1 
SEE MT 1403 |ca. 1407+PR| 0.3 |ca.+4 | 1402 | — | 
bær DT 1441 | kvd | — 2. 
SETE UAE RE ENE 30 14530 HR 1453 8 RE 7 0 
To ET 14 NEN I RE 1476 |ca. 1477 | 0.5 |ca.+1 
SETT 8E NINE 59489) ca TAST PR KODEN ca 24" ETA 81 — — 
751) 7 1549 1549 | — — 
810122 ——t 1555 | Q | 0.5 NUET Sa 
8 f 1558 - 1553f| | —2 
? er 62115670 | BR 05 SÅ ES BENE: | 
4+12 | || 1569 - 1569f | BR ERE 
Er ET EOS LISE IKE —| — 16060 Re 
& STOR TIE RESET 628 1616 | FE 
BEY ML 1616 |  1620-'PR| 3 4l HL 6198 RBG 139 7 1 
DESI TT 16567 11654 | Q71 0.4 DUET OSSE HET 65 6 RE05 =D 
DST I 1683 1681 | PR| 0.6 2 | 1681 1680 | 0.9 dl 
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Table 6 (continued). 


Freq. No. 


13—4 
OT 
13—6 
(El IEEE 
Jin 2026 
2 
113 
5—+12 
2 
DES 
KO MD JE gu 
DELS) 
6+14 
SETE g 
8+16 
2 
6—+19 
716 
9 
10 + 19 
2 
2 
9 
9+14 
9 +19 
I 
13 
11540 
E (GE 49) 
ka 20 


=F 


bRERE= > EkE — kb FH 


mm 


Vapour Liquid 
Calc. Obs. A Gale Obs. A 
cm | cm”! se er | hon | amet max | cm”! 
er RE Fr se ERE EN Eee | 70 (ore OSS SR SL 
1686 1676 — — 
1693 |ca. 1700 "PR | "0/5 car 7 |E1692 1691 0.6 —1 
1706 1696 F= ERE 
1691 — —= 
1709 1701 — — 
| — |ca. 1720 OT 
1759 "tea: 17657 PR 10:02 Fa TS, 1768 0.05 +11 
1799 1800 | Q 0.09 2711800 1798 0.3 — 2 
—= 1803 | Q 0.1 — — —= 
1807 1796 me mes 
1816 rerko 0.06 TE BEES — — 
1839 1839 — — 
1861 1865 | PR)! 0.4 + 4 | 1861 1863 0.8 + 2 
18738 ETS 787 PR 03 UL Sre7 1868 0.8 BET 
1903 1903 | Q 0.1 0 | 1904 1904 0.4 0 
me 190710 05 z=z Er z 
1912 1915 | Q 0.1 + 3 | 1909 — == 
1929 1915 — -— 
— 1954 0.05 
1993 | 19930 0.08 + 5 | 1994 1994 0.2 0 
— POSER ORD ES — 2032 0.04 
== 2055 0.03 
— ANA PR EO 02 —  |ca. 2110 QER 
PA LSI 2149 1 Q 0.1 — 2 | 2151 2152 0.4 +1 
2202 AO EP ROSES —1 | 2199 2198 0.8 —1 
2274 2266 == — 
2285 2275 — — 
2278 
22701 29701 HE30 0 
2288 2288 | Q | 50 0 | 2280 2280 50 0 
2303 2293 == — 
— 2341 Q 0.8 -— ABID 1L55) 
2345 2340 | 0 0.8 OF IE23A2 2343 1 +1 
ABT A 230) FDR RET — 7 | 2365 2363 På — 2 
2382 23000 KER EA +1 | 2376 2376 3 0 
2392 307 0 4 + 5 | 2385 2389 5 + 4 
— 2456 | Q 0.08 — 2447 0.15 
2528 AS 20 PROS F 1712523 ADD OS —1 
— |ca. 2570 | M 0.03 — 295473 0.07 
2619 AGT EO 0.2 01182617 2614 0.3 — 3 
- — 2653 0.06 
Fy HH 2771 | M 0.07 — PAGT IP 0.2 
— 2795 | Q 0.07 rr Eee 
2799 2798 HON 0107 185790 2792 | 0.1 9 


Nr: 1 29 
C6D6 Table 6 (continued). 
Vapour Liquid 
Freq. No Calc. | Obs. ; A Calc. | Obs. A 
cm "|Fem ] ER TU am | one! max | cm”! 
EEN Ka SS 70R HRE23SsE ROR OS => 1628358 HRR2 3300 06 =B 
82413104 DSGA TEE I 2 UN TEE 28580 NE me 
SEE ON SA OM HED 3450 HE OEG ==, 
ve 6320 TI D8 67 REB GT ERE EOS 08828590 823580 5 Ed 
EET 2884 287 RE == 
seer 28910 (can 28007 EM EO (can 5833] (ca 28 787 ROD EB 
2 ze 2926 | PR| 0.04 ik BOTOR ROD 
—404(1+19) | |] 2934 
k 10+20 | || 2948 | 2947 | Q | 0.05 | |1594A ] FOSSER MRS) 
2 z= 2953 | 0.15 
2 = 2973 | PR| 0.05 z= 2965 | 0.2 
2 = 3005 | M | 0.07 Se 3000 | 0.2 
BUE] 3061 | 3064 | Q | 0.05 2858 (8205 50 eee zl 
C,HD; za 3065 |PR| 0.15 sg 30570 0 
TEE NE 3088 |ca. 3085 PR| 0.15 me 550780 HER 070 HRO0T6 LG) 
ærETSD ÆT 3098 30800 gen = 
5+13 | || 3114 : +1 | 3105 +5 
SEN SEM SILSS KE OMK 0.2 ! Kes Ha 3110 | 0.4 | BE 
omra3 kr 3154 S144 ge z 
0 19) | 31890 ESS OS EJ 
E DESY HE 3157 | 3155 |PR| 0.1 EST BES TA EROS 6) 
Er SALE == 
É ken) OM 3233 32950 KER =2 
ESPN 32440 HS 244 EM > 00152560 FRES2270 EL z) 
2 3 3280 ME HOS z 3272 | 0.5 
me (19) Tr 3325 i Én 
[z BE ag 58470 (055550 FOR Koen mg SREDARE C.S SR EE 7) 
FEAR HE 3556 | - 35480 ES 5/0 RE 0:07 RR 
EST KOR 3607 |ca. 3575 | PR |<0.05. |ca.—32/ "3596 | 13576. 0.15) 220 
BE EK RED 3636 | 3636 Q | 0.15 01886253 RES 6200 0% =1 
EEG BER 3843 | 3817 |PR| 0.6 =565/538285 HRE33020 HE 56 
el SEE i i se ET HE ES 
hk SELV Io 3846 3843 RE OMK OS 3 | 3833f 
É == MG | OL | 057 =— Aso ROD. 
2 == 4438 | PR| 0.3 == 4404 | 0.2 
TERN RER 4559 |  4460|M | 0.6 |—101 | 4541 | 4453| 0.9 | —88 
(ET) 4536 |ca. 4538 0.1 |ca.+ 2 
c TES 0 | 4562 | 4550 | M | 0.7 me (5 845460 455 50 HR 003 4 
E 58 199) 1 i | £ Fi 4568) REN UN Asta 
E OMAN GE 4591 | 4500|M | 2 91 | 4573f 
2 == 4614 | M (0.07 =— 4602 | 0.1 | 
2 rer 4641 | M | 0.04 == 4626 | 0.06 


—m——«G—«««««Q$Q$CCC$C$é—C—<=————«—m—m——m———m———m—««—«Q&$CCCC$C$”O—CV—«QCQCQCQCCQCQ$OCQ«CC—Qq” TT ————————— 
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vabler 7e 
Assigned Fundamental Frequencies. 


Symmetry |Freq. CH, sym-C,H;D, CD, 
EDER DÆRNG: gas liquid gas liquid gas liquid 
1 993 993 956 956 945 945 
2 3073 3062 3065 3055 2303 2293 
12 1010 1010 1004 1004 970 970 
13 3057 3048 9294 2284 2285 2275 
3 1350 1346 1259 1259 1059 1055 
14 1309 | 1309 1321 1322 1282 —… 1282 
15 46 Ene 912 910 824 823 
6 606 | 606 594 594 579 579 
x, 7 3056 3048 2282 2274 2274 2266 
g 8 1599: 1594= 1580 1575 1558 1553 
El 9 1178 1178 1101 1101 869 869 
18 1037 1035 833 833 814 812 
E 19 1482 1479 1414 1412 1333 1330 
20 3064 3053 3063 3053 2288 2276: 
6 4 707 707 697 697 599 599 
RD et BES 990 991 917 918 829 830 
bars Ås = 2 eee rr NERE se så? 
Åau | 11 673 675 531 533 496 497 
BR 10 846 850 708 712 660 664 
|| Fi i Ø 
E: 16 398 404 368 374 345 351 
gg 17 967 969 924 926 TEST 789 


£ Assumed, unperturbed frequency. 
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3. Procedure of Assignment. 


As a matter of principle all the spectroscopically inactive fundamentals must 
be inferred from the observed frequencies of their active combination bands. On the 
other hand, the assignment of these must be accomplished on the basis of a set of 
assumed fundamentals frequencies. Consequently, the problem can only be solved 
by trial and error. 

First a preliminary set of fundamental frequencies was chosen based on the 
observed infrared-active fundamentals and the most plausible values for the re- 
maining frequencies taken from earlier workers?f, Then all binary combinations 
active in infrared were calculated and preliminary assignments made by comparison 
with the observed spectrum. 

Subsequently the frequencies of the inactive fundamentals were adjusted to give 
minimum deviation between calculated and observed frequencies of summation bands, 
and, especially, of difference bands. The justification of this procedure will be discussed 
below in connection with anharmonicity (pag. 34). 

For sym-benzene-d3 the analysis along this line was fairly simple because of 
the larger number of observed fundamentals and combination bands. 

For benzene and benzene-d$6 the following procedure was used: from com- 
bination bands with the observed fundamentals (A2u and E,) the frequencies of 16, 
17 (EZ) were determined, then 4 and 5 (B,,) from combinations with these, and finally 
3 (A22), 14 and 15 (B24) and 12 (B14) from combinations with the now established 
frecrenerese Forst sr (Br) seer pag 37 

By consideration of those fundamentals, which are observed both in the vapour 
and in the liquid state, it is seen that the difference between vapour and liquid fre- 
quencies is almost constant for the three substances. We have therefore adopted this 
as a general principle for other fundamentals also. 

Next a revised list of calculated combination frequencies was made and com- 
pared with the observed frequencies, and so on until finally a set of fundamental 
frequencies was obtained which allowed the best possible reproduction of the observed 
spectrum. These fundamental frequencies are given in Table 7, and commented 
further below (pag. 36). 


4. Intensities. 


a. Fundamentals. Ås already mentioned the intensities given in Table 4, 5, and 
6 are peak intensities only. These afford a fairly correct 'measure for the relative 


PSA SANGSETE And R CGN CORDIUJTST Referencer 3. 
N. HERZFELD, C. K. INGo1D, and H.G. PooLE, J..Chem. Soc. 1946, 316. 
R.D. Marr and D. F. HorniIG, Reference 7. 
Forr A: MILLER, Reference. 10. 
K. S. PIrzERr and D. W. Scott, J. Amer. Chem. Soc. 65, 803 (1943). 
F. A. MILLER and B. L. CRAWFORD, Jr., Reference 1. 
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intensities of the stronger bands. However, for the weak bands, which generally are 
strongly overlapped by others of similar or higher intensities, quite appreciable 
deviations from the true intensity ratios may often occur. 

We have measured the integrated intensities of the strongest bands in the spectra 
and found the isotope intensity rules?” to be fulfilled satisfactorily. There seems, 
however, to be deviations outside the experimental error, which indicate a perceptible 
electrical—rather than mechanical—anharmonicity of the vibrations. However, as our 
intensity measurements are not sufficiently accurate for elucidating these finer details, 
we will in the following confine ourselves to a more qualitative discussion of the 
general intensity relations in the observed spectra. 

As expected the allowed fundamentals appear as the most intense bands in the 
spectra of C,H, and C4Dg. The lowering of the symmetry from Dg, to D2% for 
sym-C4H.D, brings, according to the selection rules, the fundamental frequencies 
åtan diese (Bb) Randi GÆS kandeg (E7) into formal, infrared activity. It is to be 
expected, however, that the effective change in certain of the vibrational modes, 
especially of the destinct carbon-ring vibrations, will be very slight. In fact, 
the fundamentals 6, 8, and 9 appear in the vapour spectrum of sym-C6H3D3 as weak 
bands only, the intensities being of the same order of magnitude as for allowed, 
binary combinations. The frequencies 4 and 5, on the other hand, are both observed 
with band intensities, which clearly indicates them as fundamentals. This is obviously 
caused by the proximity of the very intense fundamental 11 which has the same 
symmetry as 4 and 5 (A+). 

None of the fundamentals (or, for that matter, none of the combinations) for- 
bidden in infrared have been observed in the vapour spectra. 

In the spectra of the liquids the relative band intensities are very similar to 
those in the vapour. For the liquid state the selection rules are no longer strictly obeyed, 
causing several of the forbidden fundamentals to appear with intensities like allowed, 
binary combinations. 


b. C1S-isotopic benzenes. The natural C7Z-abundance being 1.1 ?/, means that all 
samples contain ca. 7?/, of mono-C?3-benzenes. As these isotopic derivatives have 
Coy symmetry, 27 out of the 30 fundamentals will be infrared active. These might 
be expected to give rise to several spurious bands, which would be difficult to assign 
unambigously. As will be seen from Tables 4, 5, and 6, only a few tentative assign- 
ments to C13-species have been made. 

Because of the small percentage change in mass, the effect of the replacement 
of one of the C??-atoms with C73 can be regarded as a perturbation only of the vibra- 
tional system, As the resulting isotopice effect is caused by the change in kinetic energy, 
only vibrations in which the C73-atom is participating strongly will show a perceptible 

2? B. L. CRAWFORD, Jr., J. Chem. Phys. 20, 977 (1952). 


J. C. DEcius, J. Chem. Phys. 20, 1039 (1952). 
8 E. TELLER, Hand- u. Jahrb. d. chem. Phys. 9, II, p. 141. 
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shift in frequency, and even then only 5—10 cm" at the very outside. This means 
that the change in the different modes must be small and, therefore, that the infrared 
activities must be very nearly the same as for the corresponding fundamentals of 
the pure C?Z-molecule. Bands due to C713-species should, consequently, mainly be 
expected to appear in the spectra very close to the intense bands, where they will 
be rather difficult to observe, being overlapped by the ca. 15 times stronger C22-hands. 
Except for some of the distinct carbonring frequencies all transitions forbidden in 
the pure C?”-molecule will have so low intensities (further diminished by the 7 per 
cent. abundance of the C73-species) that they presumably will be unobservable. 


c. Binary summation bands. These are as expected mostly much weaker than 
the fundamental frequencies. Even if the individual intensities vary considerably, 
the mean intensity of the binary summation bands seems roughly to be a 100 times 
lower than that of allowed fundamentals. About 70'/, of all allowed combinations 
have been observed and assigned, the remaining being unobserved either because 
they apparently have too low intensity, or often because they are obscured by stron- 
ger bands. 

From the present experimental material it seems impossible empirically to find 
a principle which would allow to predict the intensities of the different combinations. 
There exists, however, an obvious parallelism between the activities of the individual 
combination bands in the three spectra. One interesting thing is that the allowed 
combinations between out-of-plane H(D)-vibrations, viz. 5+17, 10+17, and 10—11, 
appear with exceptionally high intensities in all three spectra. 


d. Binary difference bands. The intensity of a difference band is generally ex- 
pected to be approximately the intensity of the corresponding summation band 
multiplied by the Boltzmann factor for the lower level. This holds in some cases, 
but often it does not. The most striking instance, already discussed by Malr and 
HornIG?”, is 9—16 which in the spectrum of C46H$ appears as arather prominent band, 
whereas 9 + 16 is unobserved and must be weaker than the difference. 


e. Ternary summation bands. The average intensity of ternary combinations 
seems tø be about a factor 10—20 lower than that of the binary. Several (and in 
certain regions all) of the weak bands observed are due to ternary or higher com- 
binations. A good deal of these have been calculated, but we refraim from making 
any assignments, the number of allowed combinations being too large. Mostly there 
will be an allowed ternary combination for at least every 10 cm, 


29 Reference 7. 
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5. Anharmonicity. 


A striking feature of the analysis given in Tables 5, 6, and 7 is the surprisingly 
small anharmonicity observed. It is true that most of the fundamental frequencies 
are not directly observed, but have been inferred from combination frequencies, 
assuming the anharmonicity to be as small as possible. This assumption is primarily 
justified by those cases in which summation frequencies of accurately known funda- 
mentals have been observed. Furthermore it is seen from Tables 5, 6, and 7, columns 
8 and 12 that it is in fact possible to carry through an analysis giving anharmonicities 
differing no more than a few cm" from zero. It is interesting to note that there seems 
to be no distinct preference for a negative rather than a positive anharmonicity. 

In a few cases, however, a large negative anharmonicity has been observed for 
combinations of two hydrogen-(deuterium)-stretching frequencies. For 2 + 20, for 
instance, the anharmonicities found are: ca. —200 cm” for C4H6, ca. —130 cm?" for 
sym-C6H3D3, and ca. —90 cm for C46De6, i. e. values in the approximate ratios 2 to 


V2 to 1. It should be emphasized, however, that on account of the large anharmonicities 
the assignment of these high-frequency bands to this specific combination is more 
or less tentative. 


6. Fermi Resonance. 


Because of the relatively large number of fundamental frequencies of the benzene 
molecule or its deuterium derivatives the spectra might be expected to display rather 
complicated vibrational structures in consequence of the inherent high probability 
for accidental degeneracies. 

The well-known strong doublet at about 1600 cm! observed in the Raman 
spectrum of benzene was first explained by Wirson?? as due to Fermi resonance 
between 8 and 1 — 16. Similarly, HERZBERG?" explained the three strong infrared 
bands observed in benzene in the 3000 cm="-region—where only one active funda- 
mental, 20, should be expected—as a Fermi triplet due to an accidental degeneracy 
of 20378719, and 1 619: 

It is surprising that nearly all cases of Fermi resonance observed in the complete 
C6H6 spectrum originate in these coincidence. Further, that no strong Fermi re- 
sonance at all is found in sym-C646H3D3, and that only one coincidence—viz. of 20 
and 1 —+ 19—causes a resonance of medium strength in the spectrum of liquid C6D6. 
In practically all cases, where different bands of the same symmetry species are 
nearly-coinciding, no or very little perturbation is observed. In a few cases only, 
especially at high frequencies, new and unquestionable Fermi resonances are ob- 
served. In these cases detailed assignments have not been attempted. 


BE BHWILSON,FJT: Phys: Revr4 6 AG HL OSAN 
31 G, HERZBERG, Reference 1, pag. 362. 
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Tabel 8. 
Vapour Liquid 
Interacting = 2 ER SEE EE REE SKE tENE i 
Jels. ny 
levels U (DSE: OP Unpert ObS 
brege fred: 
8 1599 1590 1594 1586 
1 + 6 1601 | 1610 1596 1604 
Gefle 20 300 EO, 3053 3036 
8 + 19 3082 3083 3072 3072 
11 —+ 6 —+ 19 3084 3100 3074 3091 
CD 1—+ 19 2278 — 2274 | 2270 
Ser 20 2288 2288 2276 2280 


The feeble tendency for Fermi resonance probably means that the anharmonic 
terms in the potential function of the benzene molecule generally are small. This is 
in agreement with the above-mentioned observation that the anharmonicities as a rule 
are very small for low-frequency combinations, but may be of appreciable magnitude 
for some of the H-stretching combinations at higher frequencies. 

On the other hand, the Fermi resonances: (8)— (1 + 6) and (20)'— (8 + 19) — 
(RE GE IO) Bin ben-enekand=tokallessertextente (20) REE LOFT undebenzeneg 
are remarkably persistent in combinations with other fundamentals. Especially the 
(8) — (1 + 6) doublet, which has a rather characteristic appearance, making it easily 
recognizable at several places in the benzene spectrum, has been a help rather than 
a complication for the analysis. For this reason we have used the observed frequencies 
of these "fundamental multiplets” instead of the assumed frequencies for the un- 
perturbed fundamentals given in Table 7, for calculating the combination frequencies?”, 

This is, of course, the correct method for calculating difference bands, whereas 
rather large deviations from the observed positions of the summation bands might 
be expected. However, in most cases as well the splitting as the relative intensities 
of the 'fundamental multiplets' are maintained in the summation band. Only in a 
few cases the resonance breaks completely down and one band only is observed. In 
these cases the A, given in brackets in the tables, is calculated by means of the un- 
perturbed fundamental frequencies. 

Ån interesting case is the resonance (20) — (1 —+ 19) in C4D6, observed in the 
liquid, but not in the vapour. Seven summation bands, but unfortunately no dif- 
ference bands, involving the fundamental 20, were observed. None of these bands 
show any sign of resonance in the vapour, whereas in the liquid four of them did, 
but three did not. The explanation seems to be that the anharmonic terms responsible 


32 If this procedure is consistently followed it may happen that one particular combination can be cal- 
culated in two different way; for instance, the (1 + 6 + 8 + 19) combination in benzene as (8) + (1 -+ 6 + 19) = 
690cm”” or as (1.+6)— (8 19) = 4693 cm 1 Both values are given in Table 4. 
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for this interaction are comparatively small. The resonance is therefore rather sen- 
sitive to the closeness of the coincidence of the unperturbed levels, 20 and 1 — 19. 

Table 8 shows the assumed frequencies of the unperturbed levels (see pag. 38) 
and the observed frequencies of the fundamental multiplets” in C6H6 and C6D6. 

It is seen that for C46H6 the coincidence of 1 + 6 and 8 is almost exact, whereas 
for the triplet there is a gap of ca. 20 cm between the fundamental, 20, and the 
two combinations. For C6D6 the coincidence of 20 and 1 —+ 19 is almost exact in the 
liquid; but nevertheless the resulting resonance is weak, as it is often broken in com- 
binations. In the vapour the 10 cm" gap between the unperturbed levels is sufficient 
to prevent a measureable interaction. 


IV. FUNDAMENTAL FREQUENGHES 


In principle the assignment given in Table 7 does not differ from that given 
by INGOLD et al?? as modified by Marr and HorniG%, However, owing to the higher 
resolving power of the instrument we consider our fundamental frequencies to be 
more accurate. We have, furthermore, assigned frequencies for the gaseous and the 
liquid state separately. 

In the following a discussion is given—when necessary—of the assignment of 
the individual fundamentals. Each section, comprising fundamentals within a D2% 
symmetry class, is accompanied by a graphical representation of the frequencies in 
question. The abscissa is linear in square of the frequency and the ordinate linear 
in mass of the isotopic molecules. A diagram of this kind may be regarded as a 
graphical representation of the sum rule for isotopic frequencies, according to which 
the sum of the square of the fundamental frequencies in sym-C46H3D3 is equal to 
the mean value of the corresponding sums for C46H6 and C46D6 %, If the conversion of 
CéH6 into C6D6 hypothetically were effected by a continuous and equal increase in 
mass of the hydrogen atoms (i. e. without destroying the Dø symmetry), the frequency- 
squares would to a first approximation follow the straight lines indicated between 
the fundamentals of C6H6 and C6D6. If, however, the mass of the hypothetical molecule 
midway between these two is redistributed so as to produce the real sym-C6H3D3 
molecule, the symmetry is lowered from Den to D3n. But as the fundamentals from two 
different symmetry classes of C6H6 and C6D$ are combined in one class of sym-C6H3D3 
a mixing of the vibrational modes occur, resulting in a tendency for each frequency 
to avoid its neighbours. This splitting of interacting frequencies is very nicely illustrated 
in the diagrams. It is seen that the shifts are symmetrical in such a way that the ful- 

ss Relerencer206: 
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filment of the sum rule is preserved. For the H- and D-stretching vibrations the splitting 
is so strong that very nearly pure H- or D-frequencies result. 

The enumeration of the fundamental frequencies of sym-C46H3D3 has been 
determined by consideration of these diagrams. 


1. A1 (A1g and B14) Fundamentals. 


13 
CH hæl 2 


13 2 
SEGA z mn 
1 
enormt 12 3 2 
as MAE se pres Meg, mrs [lag Ane | 
950 1000 2290 2300 3060 3070 cm"! 


The totally symmetrical frequencies 1 and 2 in C6H6 and C46D6 have been measured 
in the Raman spectra of the gaseous state by SToIcHEFF?f; we have adopted his values. 
The frequencies of 13 for C6Hg and C6D6 could not be determined satisfactorily from 
the infrared spectra in the usual way. Instead, they were inferred on the hasis of 
the following consideration. The H-stretching fundamental 2 in sym-C4H3D3 in reality 
originates equally in 2 and 13 in C6H6, and the square of its frequency should therefore 
be expected to be equal to the mean of the square of the two C6Hg6-frequencies. Cor- 
respondingly, 13 in sym.-C6H3D3 must originate equally in 2 and 13 in C4D4. These 
assumptions are sufficient for the calculation of 13 in both C6H6 and C6D6””". 


2. A> (A28 and Bx) Fundamentals. 


CH 15, FRR: 
KLD 15 14 
co 74 
I =k I I I i 
900 1100 1300. cm" 


These fundamentals have long evaded a definite establishment. The present 
assignment confirm decisively those first proposed by Mair and HORNnIG. 
These fundamentals are all inactive in both Raman and infrared spectra; but 


86 B. P. STOICHEFF, Canad. Journ. Phys. 32, 339 (1954). 
3? A justification of this argumentation will be discussed below in connection with the sum rule, pag. 45. 
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3, 14 and 15 in C46H6, 14 in sym-C46H3D3, and 3 and 14 in C6D6 appear in the infrared 
spectra of the liquids as forbidden transitions, although 3 in C6éH6 and 14 in C6D6 
are very weak. Several of the summation bands, however, are rather strong so that 
especially 15 in C6H6 and in sym-C6H3D3 are well established. The remaining fun- 
damentals have been determined in the usual way. 


3. E' (Ey and E;) Fundamentals. 


i STE: væ 
19, 8 Z 20 
me GET == ; 
GL, ZOO 
al ii I Ék hæve; FERM fe AE] [Pres sele PEN 
600 1000 1300 1600 2250 2300 3050 3075cm-" 


Å special problem arises for the fundamentals 8 and 20 in C6H6 (both vapour 
and liquid) and for 20 in C6D6 (liquid), which have been observed as Fermi multiplets 
only. In order to be able to apply the product rule and the sum rule it is necessary 
to estimate the frequencies of the hypothetic, unperturbed fundamentals. 

The assumed, unperturbed frequencies as well as the frequencies of the com- 
ponents in the observed resonance groups are given in Table 8. In the Raman spectrum 
of liquid C4H6 the low-frequency components of the (8) — (1 + 6) doublet is definitely 
the stronger and must therefore contain more of the fundamental than the high- 
frequency component. We have assumed the unperturbed 8 in liquid benzene to be 
1954 cm", i.e. 1cm7" lower than the observed mean value. Similarly, we have 
adopted 1599 cm" for 8 in the vapour. This gives the same shift (5 cm71) in the 
frequency of this fundamental from liquid to vapour as observed in both sym-C46H3D3 
andkceDeR(CpRablea 7): 

For the (1 + 19) > (20) doublet in liquid C4D6 it is the high frequency component 
which is the stronger of the two. The unperturbed 20 (liquid) is assumed to be 2276 
cm", i.e. 1 cm" higher than the mean value. 

The 'fundamental triplet”, (20) + (8 + 19) = (1 + 6 + 19), shows, within ex- 
perimental error, the same splittings and about the same relative intensities of its 
components in both gaseous and liquid C4H6. Therefore, the state of resonance must 
be very nearly identical, the only difference being a shift in frequency of the triplet as 
a whole from one spectrum to the other. This shift (11 cm-1) is assumed to be the 
same for the unperturbed fundamental. If we presume the sum of the squares of the 
three unperturbed frequencies to be equal to that of the three observed components, 
and furthermore assume the frequencies of the unperturbed summation bands to be 
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close to the calculated values, we get the following frequencies for the unperturbed 


20: 3064 cm" (vapour) and 3053 cm" (liquid). The shifts in frequency of 20, liquid 
to vapour, are 10 and 12 cm for sym-C46H3D3 and C6D6 respectively. 


4. A7 (Bz28 and A2u) Fundamentals. 


11,4 I 


600 900 ord 


The frequencies of the inactive 4 and 5 fundamentals were inferred in the usual 
way without any complication. 


5. E” (Ej and E;) Fundamentals. 


CH, 16 10 17 
rn GAD 6 10 12 
60, 17 
ER REESE EA FEE oe ler I BE am, 
400 700 900 cm”! 


The fundamental 17 in sym-C6$H3D3 is placed at 924 cm”! (vapour) and at 
926 cm" (liquid). These values are based on several summation frequencies and 
confirmed by the product and the sum rule (see pag. 40). INGorn et al.?? have placed 
17 at 947 cm" on the basis of a Raman line of this frequency observed in liquid 
sym-C46H3D3. We prefer, however, to assign this line to the fundamental 1 in one of 
the two different C1?C??H,D, species present, as we disagree with their arguments 
against this assignment. We consider 17 as unobserved in Raman effect. 

It is interesting to note (cp. Table 7) that all fundamentals corresponding to 
out-of-plane vibrations (i. e. the NG and EY” D3n-classes) have higher frequencies in 
the liquid than in the gaseous phase, whereas the reverse situation is the normal one 


for all planar vibrations. 
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1. Product Rule. 


The Teller-Redlich product rule may in the present case be applied to the fun- 
damental frequencies of C6H6 and C6D6 within each of the symmetry classesskkor 
sym-C6H3D3 each of the 5 symmetry classes may be combined with the appropriate 
frequencies of C6Hg or C6Dg. This gives in total 20 relations, of which, however, 
only 15 are independent. 

in Table 9 are listed the results obtained by applying the product rule to the 
fundamental frequencies, given in Table 7, for the gaseous as well as the liquid state. 
The theoretical ratios (in Table 9 printed in italics) are calculated by using the fol- 
lowing atomic masses: H = 1.0081, D = 2.0147, and C = 12.0038. For the moments 
of inertia the experimental values given by STtoIcHEFF?? have been used. 

The deviations of the experimental ratios from the theoretical values are given 
both in per cent, å, and as the random error, 4 (in cm"), to be assumed for everyone 
of the frequencies involved, in order to explain the deviation. 

As the product rule is strictly valid for harmonic vibrations only, the observed 
deviations may be regarded as measures of the anharmonicity of the frequencies in- 
volved. However, experimental errors will of course be included as well. For this 
reason we consider it premature to discuss the anharmonicities of the various fun- 
damentals in any details, the more so because we hope shortly to be able to extent 
the experimental material to several of the remaining, isotopic benzenes. 

There are, however, certain general conclusions which can be drawn from the 
figures in Table 9. First and foremost, the observed agreement between theoretical 
and experimental ratios is very satisfactory and can be considered as strong cir- 
cumstantial evidence for the correctness of the assignment. 

Considering the experiences up till now in applying the product rule to hydrogen- 
deuterium isotopic molecules, the observed deviations are remarkably low except for 
those cases, in which H-(D)-stretching vibrations are involved: A' (A1g and B1u), and 
E' (Ex and Ey). The comparatively high anharmonicity for the B14 class and, especially, 
the positive anharmonicity for the B24 class possibly indicated by the deviations found 
for these classes, may be due to the special nature of the potential function caused 
by the delocalized x-electrons of the benzene ring. 

Another striking feature is the very low anharmonicities observed for all non- 
planar vibrations: A, (A2u and B24) and E” (E; and E/). 


3% Reference 36, (C,H, and C,D9); A. LANGSETH and B. P. STOICHEFF, Canad. Journ. Phys. 34, 350 
(1956), (sym-C,H,D),). 
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Table 9. 
Symmetry C6H6 / C6D6 C64H6 /s-C646H3D3 S-C64H3D3 /C6D4 
inhal zsor: å u Teor. å u Meor: EN u 
Abs ol, cm] RAR %/, cm" UNS ol, Cm. 
TET T 
1372 1.4021 KS 2.9 
1.4032 — U.7 2.6 1.4137 JSAT ST i 
 n EJE E3067 159 DB) 1.3990 =4.0 1-8 
7:413% 1.3976 —dlb il Di 1.4006 09 1.6 
12243154 8030 415 5,3 
1.3950 243 4.8 
1.2856 
3 1.2748 08 5.0 
127587 hr 0/8 4.6 1.3449 188513 
1:3352 5) —0,7 1.4 1.3559 mæ y3 0.6 
14137 183337 09 122 1.3607 1507 12 
14, 15 | 1.4201 HEN, LP) 
1.4218 1016 16 
6-7 1.9985 
1.9569 ED DE 
8, 9 1.9588 5280) PET. 1.9609 1.9623 
E re 1.9308 4155 1:4 1.9223 0 127 
igssror 79254 189271 7 ks 1.9326 485 RD 
1.9967 4.5 3,4 
20 STURE hs FRIED» Do 
TSATBS 
4,5 | 1.4095 == 03 0.6 
1.4093 —0.3 0.6 1:3871 1.3881 
sær - 1.3879 207 01 168780 027 0.8 
1.3620 1.3867 0.0 0.0 1.3802 == (6 0.6 
11 1.3569 ye] sål 
1.3581 = 0:3 0.8 
1.2856 
10 1.2818 == (3 ile 
1.2801 5 (JA 16 1.3449 171.3513 
reen r=. see 473595 + 0.6 0.6 1.3434 == DLG 0.5 
5 E/ÆRN 18349500 HE 50/30 03 1534090 08 0.7 
116817 18154175 er ().3 0.3 
1.4136 0.0 0.0 
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2. First-order Sum Rule. 


As already mentioned there excist, besides the product rule, certain sum rules, 
which additionally relate the frequencies of isotopic molecules. For the present case 
the first-order sum rule, as formulated by Decimus and Wirson"”, states that for the 
fundamentals within each of the five symmetry classes of the common D3n symmetry, 
the sum of the squares of the frequencies in C6H6 and C46D6 is equal to twice the cor- 
responding sum for sym-C46H3D3, according to the superposition condition: 


C6H6 + C6éDe = 2C6H3D3. 


Table 10 contains the sums of the squares of the fundamental frequencies for 
each of the isotopic molecules (vapour as well as liquid), and the difference: 


A = DA (C6H6) + 3,4 (C6De) — 2 34 (C6H3D3). 


The theoretical value of A is zero. As for the product rule the observed deviations 
are given both in per cent. (of 2 BR sym.), &, and as the random error, u (in cm"), to 
be assumed for all frequencies involved, in order to explain the deviation. 

It is seen from Table 10 that the agreement is excellent. Obviously the sum 
rule is obeyed to a higher approximation than the product rule, as was to be expected. 
From the arithmetic of the sum rule it is easily seen that this has a greater tendency 
for cancelling anharmonicity, when applied to observed frequencies, than the product 
rule, which is explicitely related to harmonic vibrations. 

Besides emphazing the independent confirmation of the correctness of the 
assignments offered by the sum rule, we will for the present refrain from any further 
discussion of Table 10. 


Vanter tog 
vers SVap. Vap. (9) in 
ugle | Biga el BBay ag DEDe | Liq. g UL cm" 
, 20794727 16578613 12358959 3540 — (00 0.2 
20672297 16471633 12267399 500 — 00 0.2 
AS 4 849 297 4161866 3443981 50454 — 0.04 330 
FÉ 4838513 4160865 3433878 — 49339 006 4.9 
Eg 26310646 21344215 16363271 SS 003 0.6 
26165535 21225180 16245387 — 39438 0:09 59) 
ne 1932878 1608659 1292058 + 7618 + 0.24 152 
1937559 1612622 1294710 + 7021 + 0.22 len E 
E” 1809209 1490464 1173994 + 2275 + 0.08 0.4 
1824677 1504296 1186618 + 2703 + 0.09 0 


% J. G. Decius and E. B, Wizson, Jr., J. Chem. Phys. 19, 1409 (1951). 
cp. L. M. SverDLow, Doklady Akad. Nauk. S.S.S.R. 78, 1115 (IE 
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3. Higher-order sum rules. 


In their above-mentioned paper on the sum rule Decimus and WixLson give a 
hint of the possible existence of higher order rules, such as for the sum of the pro- 
ducts of frequency squares by pairs, but they do not consider these rules any further. 

For the present isotopic molecules the higher order sum rules are very useful. 
Including the ordinary sum rule they may all be derived simultaneously from a 
relation, which for this case can be formulated as: 


DY x DI; + DY x Dy, = 2Dir. 0) 


Here D stands for the secular determinant of a single symmetry class, normalized 
to unity coefficient of the unknown in its highest power. I and II refer to two sym- 
metry classes of C6éHf and C6D6 which combine into one class, III of sym-C46H3D23. 
The indices h, d, and s refer to C6H6, C6D6é, and sym-C46H3D3 respectively. 

It can be shown that this relation, in the ordinary, harmonic approximation, 
is strictly valid for all the common D34 symmetry classes except for the E” (Ex En) 
class, in which case the rule is only approximately valid, although to a surprisingly 
good approximation"”", 

With the symmetry class A, (A2g + Bau) as an example (1) is equivalent to: 


BE FE (AGE 175) 00 Ma As] + fe — 43] [or  — (444 + 43) 4 AR2 Ås] = | 


j (2) 
2 [a? — (434 Xl + 435) ax? + (43474 + 48415 + 474475) æ —— 43 Ai4 Ans] | 


where 4 is the square of the fundamental frequency. Equation (2) splits into the 
following relations: 


AR + 22, + 23, + 23 + At, + AR, = 2 (23 + Ai, + As) (3) 
A3 (Ada + Als) + 43 (Al4 + Ars) = 2 (43474 + 43475 + Afa Ans) ) 
I3 AAA + 43 Årg Års — 2 A3 Aj4 Åjs MD 


of which (3) is the ordinary sum rule, (4) and (5) expressions for second-order and 
third-order sum rules respectively. The last one (5) may be written as: 


er lle ved 


: år (6) 
d d 7d d7d 7d 
Å3  Al4 15 13 414115 
or 
a sd sd ABS 
Ås Aas Bud Aa 5 
Be > 


bone HOR OD 
i3 A14115 A3 414475 


These equations, (6) and (7), constitute two relations between the four ratios of the 
product rule for these symmetry classes. 


41 A discussion of higher order sum rules will be given elsewhere. 
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aber 
Sym- Freq. Nabo AS SSSs z 
metry No. Calc. Obs. Calc. Obs. 
EN ER SEE EEN re —4 
il 955 956 955 956 
A D) 3065 3065 3055 3055 
iP 1004 1004 1004 1004 
13 2294 2294 2284 2284 
3 1253 1259 1251 1259 
ÅA3 14 1321 a3 2) 1319 11822 
15 912 912 911 910 
6 592 594 592 594 
1 2281 2282 2271 274 
8 1585 1580 1580 1575 
E' 9 1099 1101 1098 1101 
18 838 833 837 833 
19 1413 1414 1410 1412 
20 3060 3063 3051 3053 
4 701 697 701 697 
Ås 5 916 917 918 918 
11 530 531 531 533 
10 708 708 711 12 
Ez 16 370 368 376 374 
if, 924 924 926 926 


The total number of sum rules analogous with (3), (4), and (5) is equal to the 
number of fundamentals in the Dz, symmetry class. Consequently, it is possible to 
calculate the fundamental frequencies of one of the isotopic molecules from those 
of the two others. 

Table 11 gives the result of such a calculation of the frequencies of sym-C46H3D3 
from those of C46H6 and C6D6 (listed in Table 7). It is seen that the agreement between 
the calculated and the assigned fundamental frequencies is excellent for the symmetry 
classes A7, A2, A2, and E”, for which the higher-order sum rules are strictly valid. 
Even for the E” class, for which the rules are only approximately valid, the agreement 
is remarkably good. Ås pointed out above for the first order sum rule, also the higher- 
order sum rules must be valid to a higher approximation than the harmonic one 
because of an inherent tendency to cancellation of the anharmonicity. For this reason 
the agreement obtained here is much better than that normally achieved by calcula- 
tions based on harmonic force constants. 


4. Approximate Splitting of the Sum Rules. 


It has been showed by CrawForD and Ensarr!! and by Wirson?? that it is 
possible to separate the hydrogen stretching frequencies from the other fundamen- 


i B.L. CRAWFORD, Jr, and J. TSEDSALL, JSGhem"Phys 7223 (1930) 
2% E.B. WILSON, Jr. J.-Chéem. Phys: "7591047 (1939) ORE OT 
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tals, which generally have much lower frequencies and in this way obtain a secular 
determinant of lower degree which still reproduces the low-frequency fundamen- 
tals to a good approximation. Correspondingly, one may split the sum rules into 
three sets, approximately valid for each of the following groups: (1) the hydrogen 
stretching frequencies (about 3100 cm), (2) the deuterium stretching frequencies 
(about 2300 cm"), and (3) the remaining fundamental frequencies (below ca. 16007). 
This can be done simply by applying the rules, in accordance with the scheme given 
above, separately to each of these groups of fundamentals within the symmetry 
classes in question. 

The low-frequency fundamentals of the EAN (A1gz + Biu) and E" (E; me REclasses 
calculated in this way agree within 0.4 cm" with the frequencies calculated above 
(Table 11). It is quite remarkable that the error introduced by a splitting of the sum 
rules to all appearance is insignificant. 

For the hydrogen and deuterium stretching frequencies this approximation 
predicts the square of the frequencies in sym-C4$H6D3 simply to be the mean value 
of those in C4$H6 or C46D6. For the PAS (A1g + Biu) classes this is just what was assumed 
in order to calculate the fundamental 13 in C6H4f and C6D6 (cp. pag. 37). For the 
His EKS Ehe er eementkiskesskacceuratert I bis krmaykoticourserberduelto 
the approximate nature of the splitting of the sum rule. It is, however, more likely 
that the assumed frequency of the unperturbed fundamental 20 in C4H6 is estima- 
ted about 6 cm too low. 


Københavns Universitets kemiske Laboratorium, 
Copenhagen. 
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